Esters of acrylic acid, in particular methyl methacrylate, have wide applications in a number of industrial and consumer products, forming very desirable nonbreakable glasslike materials. In dentistry, the monomers are used to prepare dentures and a variety of filling and coating materials for the teeth. Surgeons utilize the monomers to prepare a cement which helps anchor prosthetic devices to bone. Special types of acrylic monomers such as the cyano derivatives have found a useful application as adhesive materials.
Introduction
Hundreds of millions of pounds of man-made polymeric materials belonging to the acrylic family are produced each year in this country for a host of industrial and consumer products. The glasslike appearance and nonbreakable property have made these plastics popular for the building, automotive, aerospace, and furniture industries. The dental and medical professions also use these materials for such items as denture plates, artificial teeth, and orthopedic cement. In fact, it perhaps can be said that no civilized man in his daily life is completely free from items prepared from an acrylic resin.
The main ingredient in the formation of an acrylic plastic is one of a number of acrylic acid esters, the primary ones (2) . His studies dealt with methyl, ethyl, and n-butyl methacrylates in rabbits, guinea pigs, and rats. Oral single doses of 7 ml/kg of methyl, 4-6 ml of ethyl, and 7-10 ml of butyl methacrylates were considered to be the minimum lethal doses for rabbits. Oral LD50 in rats was found to be 8.4 ml/kg for the methyl ester and 14.8 ml for the ethyl ester. The LD50 for the butyl ester could not be calculated, since doses higher than 20 ml/kg were not used, and at this dose only 2 out of 20 rats died.
Two other papers in the 1940's dealt with the Environmental Health Perspectives Surprisingly little research has been done on the metabolism of the acrylic monomers. Pantucek (6) suggests that methyl methacrylate may be oxidized completely, since no evidence of metabolites has been detected in the urine of animals exposed to the comnound. He hypothesizes several biochemical pathways, and concludes that because of the rapid rate of metabolism to compounds occurring naturally in body tissue, methyl methacrylate will have a low order of toxicity. The lack of biochemical studies of the other acrylic monomers prevents speculation on the fate of the other monomers in the series. As will be pointed out later, there is some indirect evidence to suggest that the acrylic esters behave biochemically in a different manner from the methacrylic esters.
There is some indication that the methacrylate esters can have an effect on "drug-metabolizing" enzymes. Lawrence and Autian (7) demonstrated that when animals were exposed to methyl methacrylate and ethyl methacrylate vapors, sleeping time (from administration of pentobarbital sodium) was extended. For example, exposure for 13 Treon and associates (4), in another study, repeatedly exposed animals (rats, rabbits, guinea pigs, and monkeys) to various concentrations of methyl and ethyl acrylate in air for periods of 7 hr. They recorded the concentration which did not kill any of the animals and the next higher concentration which did produce deaths. Their results are summarized in Table  2 .
Subacute vapor toxicity has also been reported by Pozzani et al. (9) for ethyl acrylate. Rats were the experimental animal. The concentrations in air were adjusted to give values of 500, 250, and 62.5 ppm. Animals were exposed to these concentrations for seven hours at a time for up to 30 exposures. Deaths and other toxic effects were noted at the two highest concentrations, but little effect was found at the lowest concentration when compared to controls. Few published reports on subacute and chronic toxicities are available on the higher molecular weight acrylic monomers; thus, no judgment can be made about the toxic consequences of these monomers.
Environmental Health Perspectives

Structure-Toxicity Activity
Since the most widely used monomers of acrylic and methacrylic esters are those having low molecular weights such as the methyl and ethyl monomers, relatively little interest has been shown by toxicologists in studying the toxicity of many of the other acrylic or methacrylic esters. For this reason, until a few years ago, little toxicity data were available which could be subjected to rigorous mathematical analysis for structure-activity relationship. Several years ago the Materials Science Toxicology Laboratories undertook a series of studies on acrylic and methacrylic monomers to evaluate the effect of the structure on the biological response being measured. In one study, that dealing with LD50 determinations, a sufficient number of compounds were evaluated to permit a mathematical analysis on the resulting data (10) . Several other studies were also conducted by the MST group on the effect of methacrylate monomers on the isolated rabbit heart (5), on isolated guinea pig ileum (11), on respiration and cardiovascular functions (12) , and on developing embryo and fetus (13) . These other studies, however, were not sufficiently encompassing to permit the use of mathematical models, although general trends of activity with structure were noted. In this section the studies alluded to above will be reviewed, with a subsequent mathematical analysis of the LD50.
Isolated Heart Experiments
Mir et al. (5) studied the effect of twelve methacrylate esters and methacrylic acid on the isolated perfused rabbit heart. The compounds were dissolved in the perfusion fluid at concentrations of 1:1000, 1:10,000, and 1:100,000 (v/v). All of the compounds produced significant effects on the heart at one or more concentrations. The authors found that they could divide the compounds into three categories according to reversibility of heart response ( Table 3) . Methacrylic acid, methyl methacrylate, ethyl methacrylate, and dimethylaminoethyl methacrylate produced the harshest effect on the heart (irreversible effect at all three concentrations). Dimethylaminoethyl methacrylate was the most toxic compound in the series, producing cardiac standstill at a dilution of 1:10,000, while lauryl methacrylate showed the least depressant effect upon the isolated heart. Although it has been stated that respiratory failure is the cause of death in animals administered toxic levels of methacrylate esters, it seems that cardiac failure may also be a contributing factor. A clinical report, in fact, suggests that methyl methacrylate may have caused the deaths of patients during the use of acrylic bone cement (14) .
The above authors ranked the compounds according to the effect on rate of contraction, force of contraction, and coronary flow and, in turn, compared these values to the LD50 values (IP, in mice, Table 4 ). Even though some of the most potent compounds (on the heart) were also the most toxic, and a number of the least (14, 16) . Generally, however, the drop was followed by a return to normal and few adverse effects developed. Charney, in his book (17) effects of these monomers on blood pressure, heart rate, electrocardiogram, and respiration. The more soluble monomers were dissolved in normal saline, while the less soluble ones were prepared as suspensions in 0.1% gum acacia.
Solutions and suspensions were prepared at a concentration of 5% (v/v).
From the blood pressure patterns observed, Mir was able to divide the compounds into three types: type I, compounds, including methacrylic acid, methyl, ethyl, n-propyl, n-butyl, isobutyl, and hydroxyethyl methacrylates, and 1,3-butylene dimethacrylate, producing a biphasic response (an abrupt fall, followed by a more sustained rise); type II, compounds including isodecyl, 2-ethylhexyl, lauryl, and tertbutylaminoethyl methacrylates, producing only a hypotensive response; type III, compounds producing a sustained hypertensive effect; only one compound, dimethylaminoethyl methacrylate, elicited this response. They noted that one of the compounds, dimethylaminoethyl methacrylate, produced bradycardia.
All of the compounds decreased heart rate within the dosage range studied; however, the magnitude of this change was much less than that noted for blood pressure. The compounds producing the greatest effect were propyl and isobutyl methacrylates, while lauryl and isodecyl methacrylates had the least effect.
The respiratory rate was increased by all the compounds, with butyl and isobutyl methacrylates exhibiting the most dramatic effect. Duration of action for most of the compounds was approximately twenty minutes, after which time respiration returned to normal.
Results from the electrocardiograms were more complex, but Mir was also able to divide the compounds into three types, as mentioned above. Details of these results are discussed in the original paper.
Powell et al. (14) has suggested that methyl methacrylate may elicit hypotensive effects due to vasodilatory action. Results of the isolated ileum experiments reviewed earlier showing that most of the methacrylates relax smooth muscle lend support to Powell's thesis.
Embryonic-Fetal Toxicity and Teratogenic Experiments
The effects of five methacrylic esters and acrylic acid upon the developing embryo and fetus in rats have been studied by Singh et al. (13) . Intraperitoneal injections were administered to pregnant rats on days 5, 10, and 15 of gestation. Three dose levels were employed based upon the LD50. Several control groups were also included in the study, consisting of an untreated group and groups treated with distilled water, normal saline, and cottonseed oil. The dose of these "treated" controls was 0.82 ml/kg or the largest volume administered in the treated animals. On day 20 of gestation, one day before expected parturition, all the animals were sacrificed by ether inhalation. The uterine horns and ovaries were exposed, examined, and the results recorded. Table 5 presents the data of Singh et al. and indicates the number of corpora lutea, number of resorptions, dead fetuses, live fetuses, and mean weights of fetuses. Gross and skeletal malformations were also recorded (Table 6) .
Under these experimental conditions, all of the methacrylate esters included in the study produced deleterious effects upon the developing embryo and fetus. The effects were compound and generally dose-related. Isodecyl methacrylate had a high incidence of resorption (44%o for the highest dose level), suggesting a potent early embryotoxic effect (Table 5) . Fetal sizes were smaller, on the whole, in the methacrylate-treated groups than the pooled treated control groups. The greatest number of malformations occurred in the animals receiving the high doses of methyl and ethyl methacrylates (Table 6 ).. Sufficient numbers of monomers were not included in the study to assess in detail the structure-toxicity effects of these compounds. It should be pointed out that cottonseed oil had an effect on fetal size and produced skeletal abnormalities comparable to those found in the test animals receiving the monomers.
Structure-Activity Relationship
Various mathematical models can be used to relate the structure of compounds to specific biological activity. By use of these models, it is often possible to predict the biological activity of a new compound in the same or similar series of compounds for which toxicological data are available. Lawrence and associates (10) utilized two mathematical models in one of their studies on the toxicity of acrylic and Values greater than the 95% confidence interval of the pooled volume control. Table 7 and by use of the Free-Wilson model, the activity of each segment was found ( The agreement between the predicted and the actual values were, in general, good.
The generation of predictive toxicologic values, such as LDr,os by mathematical models by using a series of closely related compounds (as the acrylic or methacrylic series) can be quite helpful to an investigator in discerning whether or not one or more members of the series exerts its toxic effect through a different mechanism than the other members of the series. In addition, these investigators (13, 18) Obviously, caution should still prevail in an industrial environment where the acrylic and methacrylic monomers are manufactured or used, since they are sufficiently irritating that they may lead to occupational injuries. For certain workers, inhalation of the monomer may lead to respiratory problems which can necessitate lost working time. The potential sensitizing activity of the esters also warrants exclusion of workers susceptible to allergic episodes from an environment in which the monomers will be contacted. Since preliminary toxicity data in animals indicate that the monomers may have an effect on the drugmetabolizing enzymes, workers who are on maintenance drug therapy might respond differently to the drug than the physician anticipates. How important this type of adverse drug effect might be clinically is not presently known.
Because the monomers do affect blood pressure, respiration, and the heart, workers predisposed to cardiovascular disease might be considered a high-risk group and, thus, special precautions should be taken to guard these persons from excessive exposure to the esters.
Exposure of preznant women to a working environment containing these esters is always a potential health threat, since these monomers have been found to act as embryotoxic and teratogenic agents. Comparison of doses used in animal studies which inflicted fetal harm to concentrations of the monomers which would be absorbed by a worker in a normal industrial environment indicates that embryotoxic and teratogenic episodes would occur rarely, if at all.
The apparent rapid metabolism and elimination of the lower molecular weight esters suggests that these monomers should not produce a cumulative toxic effect. Both animal experiments and long-term monitoring of workers in industrial environments demonstrate that these agents are not carcinogenic.
A problem which will hopefully receive more attention in the near future is the exposure of laboratory workers, medical personnel, and even patients to monomers which are used to prepare various dental restorative materials and orthopedic cement, since the standards for occupational hygiene and safety in many of these environments are not at the same level as they are in an industrial environment.
An important point needs to be emphasized pertinent to other esters falling into the acrylic and methacrylic series, in particular agents which have functional groups other than simple alkyl constituents. The toxic mechanisms of these may not be the same as those of the lower molecular weight esters. Indeed, as this paper has pointed out, there is evidence suggestive of a marked difference in action of esters having hydroxyl and amino groups, and thus these compounds may present toxicological risks not originally anticipated. Since these other monomers have not been studied in extensive subacute or chronic animal experiments, they still present an unknown risk to the working environment. Should any of these monomers find greater use, there will certainly be an urgent need to develop sound chronic toxicologic profiles for them.
As far as is known, the acrylic monomers as a whole have not presented an environmental health problem when they are deposited into streams and water bodies. Whether this lack of harm is due to the relatively small amounts deposited, or to the rapid conversion to biologically compatible components is unknown.
Judging from current information, acrylic and methacrylic esters appear to present no undue toxicologic threat to workers in industrial firms having acceptable standards of hygiene. Laboratory workers, conversely, may indeed become a high risk group if caution is not taken to reduce the exposure of these persons to the monomers. The production of new esters or the expansion of production of those esters having other functional groups should be preceded by adequate subacute and chronic toxicity studies to aid in defining the risk they present.
